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Abstract 

Lower incidence of cardiovascular disease (CVD) in the Greenland Inuit, Northern Canada and 

Japan has been attributed to their consumption of seafood rich in long chain omega-3 

polyunsaturated fatty acids (LCn-3PUFA). While a large majority of pre-clinical and 

intervention trials have demonstrated heart health benefits of LCn-3PUFA, some studies have 

shown no effects or even negative effects. LCn-3PUFA have been shown to favourably 

modulate blood lipid levels, particularly a reduction in circulating levels of triglycerides. High 

density lipoprotein-cholesterol (HDL-C) levels are elevated following dietary supplementation 

with LCn-3PUFA. Although LCn-3PUFA have been shown to increase low-density 

lipoprotein-cholesterol (LDL-C) levels, the increase is primarily in the large-buoyant particles 

that are less atherogenic than small-dense LDL particles. The anti-inflammatory effects of 

LCn-3PUFA have been clearly outlined with inhibition of NFkB mediated cytokine production 

being the main mechanism. In addition, reduction in adhesion molecules (intercellular adhesion 

molecule, ICAM and vascular cell adhesion molecule 1,VCAM-1) and leukotriene production 

have also been demonstrated following LCn-3PUFA supplementation. Anti-aggregatory 

effects of LCn-3PUFA have been a subject of controversy, however, recent studies showing 

sex-specific effects on platelet aggregation have helped resolve the effects on hyperactive 

platelets. Improvements in endothelium function, blood flow and blood pressure after LCn-

3PUFA supplementation add to the mechanistic explanation on their cardio-protective effects. 

Modulation of adipose tissue secretions including pro-inflammatory mediators and adipokines 

by LCn-3PUFA has re-ignited interest in their cardiovascular health benefits. The aim of this 

narrative review is to filter out the reasons for possible disparity between cohort, mechanistic, 

pre-clinical and clinical studies. The focus of the article is to provide possible explanation for 

the observed controversies surrounding heart health benefits of LCn-3PUFA. 

 

  



Introduction 

LCn-3PUFA (eicosapentaenoic acid, EPA and docosahexaenoic acid, DHA) have been shown 

to favourably modify CVD risk factors including blood lipids, inflammation, platelet 

aggregation and endothelial function. Systematic reviews and meta-analyses of observational 

studies and randomised controlled trials involving LCn-3PUFA supplementation confirmed 

their health benefits 1-3. Dietary supplementation with LCn-3PUFA have also been shown to 

reduce the incidence of sudden cardiac death in patients with myocardial infarction 3. Few 

meta-analyses have also shown no association of LCn-3PUFA supplementation with a lower 

risk of all-cause mortality, cardiac death, sudden death, myocardial infarction, or stroke based 

on relative and absolute measures of association 4. It is not surprising that while LCn-3PUFA 

exert beneficial effects in reducing deaths from cardiac causes, sudden cardiac death and death 

from all causes, dietary supplementation with LCn-3PUFA in patients with existing coronary 

heart disease (CHD) failed to demonstrate an association with a protective effect on major 

cardiovascular events 5-7. Therefore, the value of LCn-3PUFAs in patients with CHD is still 

being debated 8, 9. 

Mechanisms by which LCn-3PUFA exert their heart health benefits have been thoroughly 

investigated. Lipid-lowering, anti-inflammatory and anti-aggregatory effects account for most 

of the health benefits of LCn-3PUFA and molecular mechanisms involving a number of 

integrated signalling pathways have been described. This review considers the mechanisms by 

which the LCn-3PUFAs, DHA and EPA, may function to combat chronic diseases with a focus 

on CVD. 

LCn-3PUFA and dyslipidaemia 

It is well established that LCn-3PUFA supplementation lower plasma and hepatic triglyceride 

(TG) concentration 10-12 in a dose-dependent manner 13. In addition, they also elicit mild 

increases in both LDL-C and HDL-C concentrations, however, yielding favourable particle 

size that are less atherogenic. Observational studies have demonstrated that circulating TG 

levels are negatively associated with dietary LCn-3PUFA14-16 . Typical Western diets do not 

provide adequate dietary LCn-3PUFA (approximately 130 mg/day) 17, however, 

pharmacologic doses (i.e. >3g/day of EPA+DHA) manifest substantial TG-lowering effects 13, 

18, 19. Numerous trials have shown that dietary supplementation with EPA+DHA significantly 

lower plasma TG concentrations by about 25-30% (range 16-45%) when administered at doses 

2 to 4g per day for at least 4 weeks 12, 19-23. Clinically relevant doses (≥4g/day) are 



recommended for those with substantially elevated circulating TG i.e. >5.65 mmol/L 24, 25. 

Studies have shown that baseline TG concentrations >5.65 mmol/L are associated with larger 

reductions in plasma TG 11, 18, 20, 22, 26-28 and modest elevations of 5-10% in LDL-C and 1-3% 

in HDL-C 22.  

It is widely reported that females have higher circulating DHA concentrations compared to 

males, independent of dietary intake 29-36. It has been shown that gender is a significant 

confounding factor for the association between LCn-3PUFA status and circulating levels of 

TG 33. Females aged ≥ 65 years had significantly higher erythrocyte LCn-3PUFA (i.e. omega-

3 index; O3I) status when compared to male counterparts 37. After controlling for confounders 

such as age, BMI and dietary intake the negative association between O3I and TG 

concentrations was only evident in females 37.  

It has been repeatedly shown that when compared to EPA, DHA induces greater reduction in 

TG concentrations 38. It is hypothesised that DHA leads to greater activation of lipoprotein 

lipase (LpL), therefore leading to increased TG clearance via the conversion of VLDL-C to 

LDL-C 39. The modulation of lipid parameters by LCn-3PUFA could alleviate dyslipidaemia 

via several mechanisms discussed below. 

VLDL-C production and non-esterified fatty acids 

Raised concentration of TG is indicative of increased production of VLDL-TG or reduced 

clearance of TG 19. Studies have demonstrated that regardless of the cause of 

hypertriglyceridemia (HTG), number of participants, tracer used in kinetic studies or the type 

of methodology used to model the effects; the root cause of decreased plasma TG by LCn-

3PUFA is lowered hepatic VLDL-TG production 19. Hepatic VLDL-TG synthesis is reduced 

following  EPA+DHA supplementation in mild HTG individuals 19 and studies in cultured 

hepatocytes have demonstrated inhibition of VLDL-TG and assembly and secretion of apoB-

100 40, 41. Peroxide derivatives of LCn-3PUFA have also been shown to stimulate the 

degradation of apoB-100, further facilitating the reduction of VLDL-TG secretion 42. 

Independent of metabolic state, non-esterified fatty acids (NEFA) supplied to the liver are the 

primary source of fatty acids (FA) for the production of VLDL-TG. High levels of NEFA 

during HTG lead to increased VLDL apoC-III concentrations, a key inhibitor of LpL activity 

when bound to TG-rich lipoproteins 43. Studies have observed that apoC-III levels positively 

correlate with plasma TG in HTG patients and this is primarily due to altered LpL function 43 

and slowed TG hydrolysis 44. LCn-3PUFA have been shown to block apoC-III accumulation 



in VLDL particles, promoting LpL-mediated lipolysis, TG catabolism and subsequently 

enhance TG clearance 43, 45-47. One study reported a significant reduction in apoC-III 

concentration following dietary DHA supplementation in HTG males 48. Several studies 

including individuals with both normal and elevated TG levels have repeatedly shown 

concurrent reductions in NEFA and plasma TG after LCn-3PUFA supplementation 19, 49-55. 

LCn-3PUFA reduce NEFA pools and minimize accumulation of FA by counteracting 

intracellular lipolysis in adipocytes via suppression of adipose tissue (AT) inflammation, 

enhanced extracellular lipolysis via LpL in tissues and by promoting β-oxidation in the liver 

and skeletal muscle 19. Only one randomized controlled trial (RCT) to date has investigated the 

effects of LCn-3PUFA on NEFA as a primary endpoint and found that large amounts of LCn-

3PUFA supplementation (9g/day for 7 days) in healthy, insulin sensitive 

normotriglyceridaemic individuals led to nearly 40% reduction in fasting NEFA and TG 

concentration 53. Overall, LCn-3PUFA diminish NEFA accumulation, reduce FA delivery to 

the liver and therefore decrease the rate of FA incorporation into VLDL particles. As a result, 

VLDL production is reduced resulting in lower plasma TG concentrations.  

Fatty acid trafficking between tissues 

It has been demonstrated in cultured hepatocyte studies that LCn-3PUFA inhibit the assembly 

and secretion of VLDL by stimulating apoB degradation 42, 56 and minimize FA pool 

accumulation by up-regulating hepatocyte β-oxidation 40, 42. Dietary LCn-3PUFA have been 

shown to up-regulate post-prandial LpL expression in the human AT, as well as enhance LpL 

activity in skeletal and heart muscle, the two major sites of FA utilisation and LpL expression 
19. In animals fed a high fat diet, dietary supplementation with LCn-3PUFA decreased adiposity 
57-60, despite enhancing FA uptake due to raised expression of LpL and CD36 61, 62. Similarly, 

in human AT, dietary LCn-3PUFA upregulate the expression of postprandial LpL, indicating 

enhanced FA uptake by AT. However, no influence on body weight has been observed in 

several studies with an exception of only a few number of smaller trials 19, 63-65. In addition, 

LCn-3PUFA up-regulate LpL lipolysis of plasma TG and β-oxidation thereby increasing 

uptake of FA into these tissues, resulting in a net reduction of FA available for hepatic 

lipogenesis and VLDL production. Furthermore, LCn-3PUFA are more potent than n-6PUFA 

as hypotriglyceridaemic agents in these processes of repartitioning FA by simultaneously 

downregulating genes that encode enzymes and proteins involved in lipogenesis as well as 

upregulate genes that encode proteins for stimulation of FA oxidation 47. 



Modulation of nuclear receptors 

Lipid metabolism is regulated by major nuclear receptors responsible for gene expression 19, 47, 

66, 67. Alterations in nuclear receptor transcription have been shown to mediate the TG-lowering 

properties of LCn-3PUFA 10, 68. The net result of simultaneous stimulation of all nuclear factors 

by LCn-3PUFA is reflected by the reported reductions in plasma TG, with only minimal 

changes in LDL-C and HDL-C 47. 

Activation and regulation of peroxisome proliferator-activated receptors (PPAR) is the most 

consistent TG-lowering mechanism driven by LCn-3PUFAs in animal studies 19. PPAR, 

involving three subtypes (α, β and γ) regulate gene expression of proteins and enzymes 

involved in lipid and energy metabolism such as promotion of β-oxidation in the liver, AT, 

heart and skeletal muscle tissue (PPARα); storage of fatty acids as TG in AT (PPARγ); 

increased hepatic hydrolysis of TG-rich lipoproteins and decreased production of free fatty 

acids (FFA), VLDL and TG 19. LCn-3PUFA such as EPA and DHA are also natural ligands to 

PPARs and farnesol X receptor (FXR) 69. Moreover, eicosanoid metabolites 3-series and 

oxylipins originating from LCn-3PUFA are potent activators of PPARs compared to 2-series 

formed from n-6PUFA 19. Thus, tissues abundant in EPA and DHA serve as potent PPAR 

activators and result in increased fatty acid catabolism 70. Moreover, very high affinity binding 

of DHA to PPARs and retinoid X receptor RXR has been shown. Therefore, LCn-3PUFA can 

activate PPARα which increases the expression of FA oxidation genes resulting in a reduction 

in hepatic and plasma TG 71, 72.  

Furthermore, activation of PPARα and FXR reduces apoC-III expression, therefore promoting 

LpL activity, enhancing catabolism/clearance of TG and 19, 28, 45, 47, 69, 73, 74 postprandial 

chylomicrons 75, 76. In addition, FXR induces apoC-II and VLDL receptor gene expression. 

Since EPA and DHA are ligands for both PPARα and FXR, the changes in apoC-III, apoC-II 

and VLDL-receptor induced by activation of these nuclear factors may be playing a major role 

in the modulation of LpL activity and TG-lowering effects of LCn-3PUFA 69, 74, 77.  

In addition, efficacy of LCn-3PUFA may be optimised through the interplay between oestrogen 

and PPAR. Oestrogen has been shown to potentiate the effects of PPAR so as to raise PPARα 

activity via interaction with PPARα gene transcription, leading to enhanced conversion of α-

linolenic acid (ALA) to DHA 30. The higher endogenous conversion of ALA to DHA seen in 

females compared to males 29, 31, 33 appears to be related to oestrogen levels, rather than a lack 

of testosterone 30. Upregulation of endogenous conversion of ALA to DHA following 



oestrogen treatment was shown in postmenopausal women receiving hormone replacement 

therapy, women receiving the contraceptive pill and male-to-female transsexuals receiving oral 

oestrogen therapy 31, 78.  

SREBP-1c is the key regulator of hepatic lipogenesis, which is mediated by the binding of 

Liver X receptor (LXRα) to retinoid X receptors (RXRα) for its activation. DHA and EPA have 

been shown to inhibit LXRα/RXRα binding to downregulate the activity of SREBP-1c 79. This 

prevents the expression and protein maturation of SREBP-1c, resulting in a net decrease in de 

novo lipogenesis and VLDL-C secretion 19. 

In addition, PUFA appear to elicit inhibitory effects on hepatocyte nuclear factor-4α (HNF-4α) 

a major regulator of carbohydrate, cholesterol and fatty acid metabolism, which may explain 

some of the TG-lowering properties of LCn-3PUFA 47. 

With respect to nuclear receptors, LCn-3PUFA lower TG by: suppressing hepatic lipogenesis 

via inhibition of SREBP-1c; upregulating hepatic and skeletal muscle fatty acid oxidation via 

PPAR activation; enhancing TG catabolism and clearance via both PPAR and FXR activation; 

and increasing glucose to glycogen flux via down-regulation of HNF-4α. This leads to an 

overall redirection of FA away from TG storage and towards oxidation, ensuing less substrates 

available for VLDL synthesis.  

Intrahepatic lipids 

Non-alcoholic fatty liver disease (NAFLD) is characterised by hepatic accumulation of TG in 

individuals not consuming excessive alcohol and presents as a range of liver diseases such as 

‘simple’ steatosis to non-alcoholic steatohepatitis 80. In addition, NAFLD is a classic 

comorbidity of HTG and is independently associated with chronic cardiometabolic conditions 
80. As high as 20% of the general western population have NAFLD 81 with the prevalence rising 

to 88% in the obese population 82. We have recently demonstrated a sex-dependent inverse 

relationship between NAFLD and erythrocyte LCn-3PUFA concentrations in older adults, with  

women, compared to men, being more likely to have a lower risk of NAFLD when LCn-

3PUFA status was higher 83. In support of these findings, a recent systematic review and meta-

analysis of human RCTs suggests that LCn-3PUFA supplementation significantly reduces liver 

fat, however, an optimal dose-response is yet to be established 80. This same review 

demonstrated non-significant trends towards benefits in alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) following LCn-3PUFA therapy, however, there was 

significant heterogeneity between studies 80. In humans 84, 85 and mice models of hepatic 



steatosis 86, 87, supplementation with LCn-3PUFA ameliorated NAFLD accompanied by 

increased β-oxidation and lowered intracellular pools of FFA. The dose of LCn-3PUFA 

(3g/day vs 5g/day) does not appear to significantly influence steatosis grade when administered 

for six months 80. A study in western diet-induced non-alcoholic steatohepatitis (NASH) 

showed dietary DHA was superior to EPA in attenuating the induced changes in plasma lipids 

and hepatic injury 88. Hepatic metabolism, oxidative stress and fibrosis were reversed following 

dietary DHA treatment indicating a preventative role in NASH and reduced risk of 

hepatocellular carcinoma. 

In the absence of weight loss, Parker et al also observed a clinically significant reduction in 

steatosis following LCn-3PUFA supplementation in five of the nine studies reviewed including 

amelioration of liver steatosis in 27% of the patients across the pooled studies 80. It is known 

that individuals with NAFLD have low dietary intake of LCn-3PUFAs compared to healthy 

controls 89. Preclinical data have shown that this profile is associated with a pro-inflammatory 

state and raised lipogenesis, promoting steatosis. In contrast, LCn-3PUFA have been shown to 

down-regulate SREBP-1c and upregulate of PPAR-α, thus favouring fatty acid oxidation and 

lowering steatosis 80, 90. High intra-variability in liver tests hinder the ability to detect 

significant changes in liver function parameters 80, however, further research into the 

therapeutic effects of LCn-3PUFA supplementation in NAFLD is warranted to quantify 

reductions in liver fat via magnetic resonance imaging, the gold standard for measuring and 

quantifying liver fat. 

Blood cholesterol 

The cholesterolaemic effects of LCn-3PUFA are inconclusive as both hypo- and 

hypercholesterolaemic effects have been reported following dietary LCn-3PUFA 

supplementation in humans 10, 20, 91, 92. However, intervention studies and systematic reviews 

have concluded that LCn-3PUFA supplementation poses no substantial effects on total 

cholesterol levels 18, 20, 26, 93, 94, with only mild increases attributed to small rises in LDL-C and 

HDL-C.  

Low-density lipoprotein cholesterol (LDL-C) concentration and particle size 

Dietary intervention studies suggest LCn-3PUFA supplementation increase LDL-C in a dose-

dependent manner 95-97. Our group has previously reported a significant rise in plasma TC and 

LDL-C following co-administration of LCn-3PUFA supplementation and a diet enriched with 

SFA when compared to a diet enriched with n-6PUFA 98, suggesting that background dietary 



fat should be considered when assessing the LDL-modulating capacity of LCn-3PUFA. It has 

been shown that DHA increases LDL-C significantly more than EPA in people with or without 

HTG 39, 94, 99. Elevations in LDL-C is indicative of enhanced LDL production and/or reduced 

fractional catabolic rate of LDL particles 69, 100. Preclinical studies suggest that DHA-induced 

elevation in cholesterol ester transfer protein (CETP) activity 92 may be one of the factors 

contributing to raised LDL-C concentration. In this context, clinical studies have demonstrated 

a reduction in LDL-C following treatment with CETP inhibitors 101. A significant increase in 

CETP activity and gene expression in DHA-treated hamsters compared to placebo and EPA-

treated hamsters was also reported. 92  

Although elevations in LDL-C after dietary LCn-3PUFA supplementation in HTG individuals 

is believed to be unfavourable, it is often overlooked as indicating a potential improvement in 

LDL particle size that in fact is less atherogenic 102. While circulating TG and cholesterol 

concentrations are well established risk factors for CVD, certain lipoprotein particle 

characteristics may be more accurate estimate of CVD risk such as mean LDL particle diameter 

and the number of small, dense LDL particles for the prediction of LDL-associated risk of 

CVD 103. 

LDL particle size 

Small VLDL species are readily converted to fast-floating LDL particles and are a likely 

consequence of hepatic overproduction of apoB 100 resulting into elevated plasma TG 45, 67. It 

is well known that in circulation small, dense LDL are considered pro-atherogenic 102 and 

larger, buoyant LDL are favourable and cardio-protective 94, 102. LCn-3PUFA supplementation 

has been shown to reduce VLDL particle size and concentration of large VLDL particles 48, 104, 

105. The effects of dietary LCn-3PUFA on LDL particles demonstrate a favourable shift from 

small to large LDL particles 48, 106, however some studies have reported no effect 105, 107. One 

study observed significant increases in LDL-C without concomitant alterations in LDL particle 

size 108. Discrepancies may be indicative of differential effects pertaining to DHA/EPA ratio, 

dose of LCn-3PUFA, duration of supplementation and the influence of background dietary fat.  

DHA supplementation for 90 days led to significant reduction in fasting plasma TG, large 

VLDL-C and VLDL particle size with concurrent elevation in LDL-C, small VLDL, large LDL 

particles and mean LDL particle diameter in middle-aged HTG men 48. Moreover, this was 

accompanied by reduced postprandial (0-6hr) plasma area-under-the-curve for TG, 

intermediate-dense lipoprotein (IDL), small dense LDL particles, large VLDL and small HDL 



particles. Concurrent elevation in the area-under-the-curve for large LDL, large HDL and small 

VLDL particles was also reported 48. In support of these findings, our research group showed 

that 4 weeks of fish oil supplementation in healthy adults led to significantly lower 

concentration of total, large, medium and small VLDL particles and a significant increase in 

medium-large LDL particle concentration 109. As discussed in previous sections, the 

stimulation of LpL expression by LCn-3PUFA leads to the formation of lipoprotein remnants 

such as small VLDL and IDL. Since lipoprotein remnants have a greater affinity to the LDL-

receptor (LDL-R) 110, 111, they compete with LDL particles for clearance 112. Since LCn-3PUFA 

reduce hepatic expression of LDL-R 112; this might explain the observed rise in large LDL 

particle concentration. It is possible that the discrepancies reported regarding the influence of 

LCn-3PUFA on change in LDL particle size is clouded by the type of background dietary fat. 

It is important that the background dietary fat is considered when investigating the modulatory 

effects of LCn-3PUFA on particle size shift. Furthermore, DHA supplementation does not 

increase the concentration of total LDL particles, but rather significantly reduces the 

concentration of small dense LDL particles 48. This should lessen any concerns about potential 

increased CVD risk that might be inferred from raised plasma LDL-C concentration commonly 

observed following LCn-3PUFA supplementation. 

LDL-receptor 

Preclinical findings support the role of LCn-3PUFA as a regulator of LDL-R activity, however, 

findings remain inconsistent as to whether these modulatory effects are a result of DHA or 

EPA. Some studies suggest that the downregulation of LDL-R expression 79, 113 and protein 

and mRNA expression 92, 114 following DHA treatment is the key role of LCn-3PUFA in raising 

plasma LDL-C. Preclinical studies suggest DHA modulates the LDL-R directly by mediating 

hepatic LDL-R protein and mRNA expression, and indirectly via inhibition of SREBP-2 

mRNA expression 92, 114. A study in high fat diet-fed hamsters reported DHA treatment 

significantly decreased LDL-R protein and mRNA expression in the liver after 3 weeks 92. 

Moreover, inhibition of mRNA expression of SREBP-2 was also observed with DHA-treated 

hamsters only, and both EPA and DHA significantly lowered SREBP-1. In human fibroblast 

and HepG2 cells, LDL-R protein abundance was significantly increased by 1- to 3-fold after 

EPA and DHA treatment 115. These effects were independent of changes in SREBP-1 protein, 

however, this study along with another human HepG2 cellular study using DHA only found no 

significant changes in LDL-R mRNA levels 79. Other studies in HepG2 cells have reported that 

EPA suppressed the binding of LDL to cells compared with oleic acid 116 and reduced LDL-R 



activity and mRNA level when cells were incubated with EPA-enriched LDL from humans 

supplemented with dietary fish oil 117. A study in cultured human liver HepG2 cells investigated 

the effects of different FA on the LDL-R in terms of three different stages of LDL expression: 

functional cellular LDL binding activity, amount of LDL-R protein and LDL-R mRNA level 
114. All three measurements of LDL-R binding activity decreased as the degree of FA 

unsaturation increased (palmitic ≥ oleic acid > linoleic acid > EPA). LDL-R activity, protein 

and mRNA levels were suppressed by a total of 40 and 70% in the presence of linoleic acid 

and EPA, respectively. Overall, the authors conclude decrease in LDL-R activity appeared to 

be due to reduction in the LDL-R numbers via downregulation of the LDL-R gene 

transcription. However, a recent study by Zhou et al has reported upregulation of LDL-R gene 

expression 79. Notably,  majority of the studies using human cell lines are limited to 

measurement of LDL-R binding activity 114, therefore, the effects of LCn-3PUFA on LDL-R 

activity warrants coupling with gene expression in future studies.  

High-density lipoprotein cholesterol 

Several clinical studies report supplementation with dietary LCn-3PUFA induce modest 

elevations in HDL-C 18, 20, 28, 94. An average of 4 g/day of EPA and/or DHA increase HDL-C 

on average by 10-13% in individuals with hyperlipidaemia 11, 21. The key mechanism behind 

the HDL-raising effect of LCn-3PUFA is the reduction in CETP activity 118, 119. In vitro studies 

have reported significantly greater reduction in CETP activity with DHA compared to EPA 120. 

Given the important role of CETP in lipid transfer between lipoproteins and the reduced 

activity of CETP coupled with lowered TG concentration following LCn-3PUFA therapy; the 

exchange of lipids is further lessened thus promoting the formation of larger HDL particles 

(HDL2) that are rich in cholesterol and more cardio-protective, as opposed to smaller, 

triacylglycerol-rich HDL (HDL3) prone to degradation 118, 119. In addition, fish oils raise both 

HDL size and the number of large HDL particles, providing greater cardio- protection since 

HDL particle number and size is inversely associated with cardiovascular events 121-124. In 

normotriglyceridaemic individuals, 4.5 g/day of fish oil supplementation led to a significant  

shift  in  HDL  particle  size  from  HDL3   to  HDL2   subclass   122. A similar observation was 

reported in healthy males whereby those receiving LCn-3PUFA from either a fish diet, fish oils 

(EPA+DHA) or pure DHA had over 50% elevation in HDL2/HDL3-C ratio after 15 weeks 123. 

Consistent with these findings, our colleagues reported a reduction in very large HDL particle 

concentration and elevation in medium-large HDL particle concentration, average HDL size 

and HDL-C 109. The mechanism behind this is likely due to enhanced enrichment of larger 



HDL particles as fish oil treatment has been previously reported to increase HDL:apo A1 ratio 

as well as lower CETP activity 125. Some studies have reported greater elevations in HDL-C 

after DHA supplementation compared to EPA and increase in HDL2-C as high as 29% 94 and 

50% increase in HDL2/HDL3-C ratio 123. Elevation in not only HDL-C concentration but shift 

in particle size that are more cardio-protective could have noticeable clinical implications in 

addition to TG-lowering for the management of hyperlipidaemia and prevention of CVD. 

ApoE polymorphism 

Apolipoprotein E (apoE) is a structural and functional protein component of lipoproteins and 

plays an important role in their metabolism and clearance in the liver 126. The apoE gene 

comprises three different alleles: E2, E3 and E4 which are responsible for variations in 

lipoprotein metabolism 127. The majority of individuals possess the E3 allele 128, 129. Studies 

have shown that compared to E2 carriers, E4 carriers are at a higher risk of not only CHD but 

also late-onset Alzheimer’s disease, with variability attributed to modifiable factors such as 

dietary intake of SFA and cholesterol and smoking status 130, 131. Moreover, E4 carriers are 

more responsive to dietary changes. Findings remain inconsistent surrounding the influence of 

apoE genotype on plasma lipid response to LCn-3PUFA supplementation, with indications of 

improved responsiveness in E4 carriers 130. Conversely, Harris et al recently found no evidence 

for a harmful relationship between lipid markers (LDL-C, LDL particle number, apoB, TG or 

HDL-C) and the O3I  by apoE genotype 132. One study reported apoE genotype had a prominent 

impact on lipid response to daily supplementation of LCn-3PUFA in dyslipidaemic males 93. 

E2 carriers experienced a significant reduction in postprandial TG as well as a trend towards 

elevation in LpL activity in non-E2 carriers. The influence of EPA and DHA-specific roles in 

modulation of apoE remains unclear, however, a study in males administered a high dose of 

DHA (3.7g/day) reported greater elevation in LDL-C in E4 carriers compared to E3 carriers in 

the DHA group only 112. EPA had no effect on LDL-C in either group, but DHA significantly 

raised LDL-C by 10% from baseline in the E4 carriers compared to a non-significant 4% 

reduction in E3 individuals. Although the underlying mechanisms are unknown, LDL 

competitive uptake studies in HepG2 cells indicate that it is possibly attributed to either raised 

levels of apoE (ligand) contained in VLDL2 of E4 carriers or altered apoB conformation and/or 

a shift in the orientation of the apoE protein leading to raised ability to interact/influence 

hepatic LDL-R; all of which are magnified following DHA supplementation 112. The difference 

in lipid response to LCn-3PUFA across apoE variants suggests a potential impedance on the 

efficacy of LCn-3PUFA intervention for the management and prevention of dyslipidaemias. A 



more comprehensive understanding and consistent findings are warranted to elicit the precise 

influence of EPA and DHA on lipid metabolism in the context of apoE polymorphism.  

LCn-3PUFA and adipose tissue function: 

The last three decades have seen an epidemic increase in the global obesity rates. Broadly 

characterised by having an excess accumulation of AT obesity is defined by the World Health 

Organisation as having a BMI ≥ 30kg/m2. Obesity, particularly abdominal obesity, is strongly 

associated with development of insulin resistance (IR) and predisposes individuals to the 

development of many non-communicable diseases (NCDs) such as metabolic syndrome 

(MetS), NAFLD, type 2 diabetes (T2D) and cardiovascular disease (CVD). NCDs contribute 

significantly to the disease burden in both developed and developing nations, with global costs 

of diabetes-related healthcare more than tripling between 2003 and 2013 133, making obesity-

related metabolic dysfunction a key global health concern. There is an emerging body of 

evidence that sub-clinical inflammation of the AT is a key etiological factor linking obesity 

with IR and its metabolic sequalae 134. Due to their well-characterised anti-inflammatory 

properties, there is interest in the role of the LCn-3PUFA, particularly EPA and DHA, in 

resolving AT inflammation, preventing the development of metabolic dysfunction and IR. 

Adipose tissue as an endocrine organ 

The primary function of AT has long been regarded as energy storage organ, however, in recent 

decades it has been increasingly recognised for its significant endocrine and immunological 

function 135. AT consists primarily of adipocytes, but also contains a dense network of 

stromavascular tissue, which includes pre-adipocytes, vascular tissue, and immune cells.  

 In order to maintain energy balance adipocytes will either store FFA in the form of TG, or 

release FFA to be oxidised as fuel. To facilitate this, adipocytes display high levels of plasticity 

and adaptability, capable of expanding to many times its size. Expanding adipocytes facilitates 

TG storage, removing FFA from circulation and preventing lipid deposition in ectopic tissue 

(e.g. skeletal muscle, liver), preventing lipotoxicity 136. Inability to adequately expand will 

result in higher levels of circulating NEFA and circulating TG, both associated with metabolic 

dysfunction. Since the discovery of Leptin in the 1990s, it is now known that AT is a highly 

dynamic tissue which secretes signalling molecules (known as adipokines) and cytokines 

(collectively referred to as adipocytokines) that are essential in maintaining whole-body 

glucose homeostasis 137. The well-characterised adipokines are leptin, adiponectin resistin, 

vistafin, ormentin138. Dysregulation of adipokines and adipose-derived cytokines (e.g. TNF-α, 



IL-6 and IL-1β) often occur in obesity and are associated with the development of IR and 

metabolic dysfunction 139. Of these, adiponectin is of particular interest – it is a powerful 

insulin-sensitiser and anti-inflammatory small peptide hormone secreted by adipocytes that is 

downregulated with increasing adiposity, and is inversely correlated with IR 140. Studies 

comparing insulin-resistant with insulin-sensitive obese individuals show that insulin-sensitive 

obese people have higher levels of adiponectin 141, 142. Low levels of adiponectin have been 

observed in people with T2D, MetS and CVD. Importantly, adiponectin is modifiable, and 

increasing secretion of adiponectin also improves IR 143.  

Adipose tissue inflammation and insulin resistance 

Growth of AT occurs either by hypertrophy (i.e. expansion of adipocytes) or hyperplasia (e.g. 

recruitment of pre-adipocytes). Healthy expansion of AT provides a depot for circulating FFA, 

removing them from circulation and preventing ectopic lipid deposition in skeletal muscle 

and/or hepatic tissue. Healthy expanding AT requires growth of vascular tissue (i.e. 

angiogenesis) to enable proper oxygenation and function. Growth of AT creates pockets of 

hypoxia, which triggers an inflammatory response and releases monocyte chemotactic protein-

1 (MCP-1) from adipocytes, which encourages migration of monocytes into AT 144. There is 

also a phenotype switch in the macrophages, with monocytes differentiating into the 

“classically activated” pro-inflammatory M1 macrophages, as opposed to the “alternatively 

activated” M2-type macrophages normally resident in healthy AT. M2 macrophages secrete 

anti-inflammatory compounds such as IL-10 and are associated with insulin-sensitive tissue. 

In contrast, M1-type macrophages promote a pro-inflammatory environment, with an increase 

the release of inflammatory markers such as TNF-α and IL-6. This inflammatory response 

promotes the release of Vascular Endothelial Growth Factor (VEGF) which is the primary 

driver of angiogenesis in AT 145. However, while inflammatory mediators are essential to the 

remodelling process, chronic sub-clinical inflammation also impairs insulin signalling and is a 

key etiological factor in the development of IR. Chronic inflammation associated with IR is 

characterised by higher circulating levels of C-reactive protein (CRP), IL-6, TNF-α and IL1-β, 

and low levels of adiponectin. Chronic inflammation can occur as a result of an insufficient 

vascular response, or inability to adequately resolve the inflammatory response. Prolonged 

hypoxia in adipocytes leads to apoptosis, macrophage infiltration and fibrosis of AT, limiting 

the further expandability of AT, increasing circulating FFA and ectopic lipid deposition, and 

further contributing to the development of IR.  



Role of omega-3 PUFAs in adipose tissue function 

Whilst research interest into the LCn-3PUFA were initially due to their apparent benefits to 

cardiovascular health, they are now well established as being important immune regulators via 

the eicosanoid pathway. The biologically active EPA (c20:5n-3) and DHA (c22:6n-3) are 

incorporated into nearly all cells and tissues in the body, including AT. Levels of EPA and 

DHA in AT are reflective of both long-term dietary intake and endogenous synthesis from 

ALA precursor 146, and supplementation with EPA and DHA increases AT levels in a dose-

dependent manner 147. Dietary recommendations to decrease intake of saturated fats has led to 

dietary patterns changing across recent decades, with an increased intake of omega-6 

polyunsaturated fatty acids through a greater reliance on seed oils, resulting in an imbalance of 

n-6:n-3 intake, from 1-4:1 ratio thought to be associated with good health, to 20:1 in a typical 

western diet. Research suggests that this has become reflected in changes to the FA 

composition of AT, with a 136% increase in AT linoleic acid (c18:2n-6) seen over the past half 

century in the United States 148, a finding which is likely paralleled in other western nations. 

Due to the opposing role of n-6 and n-3 fatty acids via the lipoxygenase (LOX) and 

cyclooxygenase (COX) pathways, this shift in the fatty acid profile could potentiate a pro-

inflammatory environment in the AT, characterised by elevated levels of pro-inflammatory 

markers and low adiponectin, thus pre-disposing overweight individuals to the development of 

IR, NAFLD, MetS and T2D. Restoring n-3PUFA in AT could ameliorate AT dysfunction via 

several well-described mechanisms, outlined below (Figure 1). 

Specialised pro-resolving lipid mediators 

Metabolites of EPA and DHA form protectins, resolvins, and maresins – specialised pro-

resolving lipid mediators (SPM) responsible for the active resolution of an acute inflammatory 

response 149. SPMs are synthesised enzymatically via the LOX pathway from either n-3PUFA 

(EPA, DHA) or n-6PUFA (Arachidonic Acid; ARA) precursors. In AT lacking the required 

substrates to form SPMs, an acute inflammatory process could fail to resolve, creating a chronic 

pro-inflammatory environment. SPMs have been identified in human AT depots, including D-

series SPMs (derived from DHA), resolvins D1 (RvD1) and D2 (RvD2); protectin D1 (PD1); 

Maresin 1 (MaR1) and E-series SPM (derived from EPA) including resolvin E1 (RvE1), and 

Lipoxin A4 (derived from arachidonic acid), as well as classic eicosanoids such as 

prostaglandin and leukotrienes 150. LCn-3PUFA play an essential role in the resolution of AT 

inflammation via their metabolites 151. Pre-clinical studies have shown that SPMs exert anti-



inflammatory effects via actions on both adipocytes and macrophages. Administration of RvD1 

(2μg/kg/day via peritoneal injection) decreases macrophage accumulation and restores insulin 

sensitivity in db/db mice 152 Both MaR1 and DHA have been shown to decrease levels of IL-

1β and TNF-α in diet-induced obese mice; however DHA comparatively had the greater anti-

inflammatory effect. Supplementation with DHA was associated with a significant increase in 

17-HDHA levels in AT. Furthermore, RvD1 and RvD2 have been shown to polarize resident 

macrophages (M1-type) to the anti-inflammatory M2-type macrophages 150. RvD1 has also 

been shown to potentiate the anti-inflammatory actions of IL-10, decreasing expression of IL-

6, IL-1β, IL-8 and TNF-α ex vivo in AT explants from obese individuals 153. 

To date the majority of evidence for SPMs are pre-clinical, and whether levels of SPM in AT 

can be boosted via dietary or supplemental LCn-3PUFA interventions is unclear. There is some 

evidence that supplementation with LCn-3PUFA increases the levels of E- and D-series 

metabolites in AT. Five weeks of fish oil supplementation showed an increase in PD1 and 

RvD1 in AT of ob/ob mice, resulting in improved insulin sensitivity. Itariu et al 154 showed that 

8 weeks of LCn-3PUFA intervention (1840mg EPA + 1520mg DHA/day) decreased 

expression of inflammatory genes in AT, increased production of adipose-derived cytokines 

and a concomitant increase in RvE1, 17-HDHA, PD1, RvD1 in AT, and reduced circulating 

levels of IL-6 in severely obese (BMI ≥40kg/m2) people without diabetes. Consistent with the 

M2/M1 macrophage polarization observed in pre-clinical studies, Itariu et al also noted a 

significant decrease in CD40, a marker of M1 macrophage infiltration, with no changes to 

MRC1 or CD163 (markers of M2 macrophage). Further, 6-month supplementation with DHA-

rich fish oil prevented the decline in RvD1 in peripheral blood mononuclear cells normally 

seen in Alzheimer’s disease 155. Supplementation of pregnant women with EPA and DHA 

during pregnancy increased levels of SPM 18-hydroxyeicosapentanoic acid and 17-

hydroxydocosahexacoic acid (17-HDHA) in placental tissue by two- to three-fold, and 17-

HDHA was positively correlated with placental DHA levels 156. 

GPR-120 

There are several receptors that bind with free fatty acids of varying chain lengths and affect 

biological functions within the body. G-coupled protein receptor 120 (GPR120; also known as 

Free Fatty Acid Receptor 4) binds with medium to long-chain (>18C) fatty acids, displaying 

the highest affinity for EPA and DHA 157. Stimulation of GPR-120 has anti-inflammatory 

effects and has been proposed to have therapeutic potential in the treatment of T2D 158. GPR-



120 is readily expressed in AT, with smaller amounts found in intestine, pancreas, spleen and 

macrophage. In intestine GPR120 acts as a ‘fat sensor’ promoting secretion of glucagon-like 

peptide-1, an incretin hormone that enhances glucose-dependent secretion of insulin from the 

pancreatic beta-cells 159. In AT GPR120 is expressed primarily within the adipocyte, with 

smaller amounts found in the stromavascular network 157.  Stimulation of GPR120 in T3T-L1 

adipocytes blocks the nuclear translocation of the nuclear-factor kappa p65 subunit, attenuating 

the lipopolysaccharide-induced production of IL-6 160, and EPA ameliorates palmitate-induced 

inflammation in adipocytes, an effect abolished by silencing of the GPR-120 gene 161. DHA 

has also been shown pre-clinically to inhibit activation of the NLRP3 inflammasome, which 

was partially inhibited by blocking the GPR-120 receptor 162. 

 GPR120 has also been proposed to play a significant role in adipogenesis in AT, with some 

evidence that stimulation of GPR-120 promotes maturation of pre-adipocytes, as well as 

increasing release of VEGF, decreasing inflammation and increasing insulin sensitivity 163. 

Further, there is some evidence that DHA stimulates glut-4 translocation to the plasma 

membrane in skeletal muscle via a GPR120 dependent mechanism, however this has only been 

demonstrated in vitro 164. There is some limited evidence from animal models that LCn-

3PUFAs may promote the metabolism of brown AT and ‘beiging’ of white AT 165, though to 

date this hasn’t been shown in humans and the clinical application is questionable, given the 

small amount of brown AT present in human adults.  

PPAR-γ 

EPA and DHA both act as natural ligands for peroxisome proliferator-activated receptor 

gamma (PPAR-γ). Activation of PPAR-γ increases transcription of adiponectin 166. 

Adiponectin was correlated with erythrocyte membrane phospholipid EPA and DHA content 

in healthy and glucose intolerant individuals 167. Four weeks of a DHA-enriched canola oil 

(delivering 1.1g/day of DHA) in adults with abdominal obesity showed a modest but significant 

increase in adiponectin compared with control (corn/safflower oil blend) 168 group. Consistent 

with this, a recent meta-analysis including 14 RCTs and 1323 participants also reported a 

modest increase in adiponectin in response to LCn-3PUFA intervention. However, significant 

heterogeneity was present which was not explained by differences in dose, duration, or delivery 

of EPA/DHA. Whilst in vitro studies find EPA and DHA both promote transcription of 

adiponectin 169, 170, one clinical study found DHA was more effective than EPA at increasing 

adiponectin in men and women at risk of CVD 171. However six months of n-3PUFA 



supplementation (320mg EPA + 200mg DHA/day) in adults with T2D failed to show any effect 

on adiponectin levels 172. Further research is required to elaborate on whether DHA or EPA is 

the more effective n-3PUFA for modulation of adiponectin levels, and whether disease state 

(e.g. T2D) affects this process. 

Increased Angiogenesis 

In addition to their potential role in the resolution of adipose tissue AT inflammation, LCn-

3PUFA may induce angiogenesis in AT, thus improving vascularisation and promoting healthy 

AT function. Fish oil supplementation increased the number of capillaries in adipocytes in 

obese IR individuals 173, and EPA increases VEGF in mature adipocytes in vitro, via both GRP-

120 and PPAR-γ mediated pathways 145. Whether DHA affects AT angiogenesis is unknown. 

This effect appears to be limited to AT, as EPA and DHA suppress VEGF in microvascular 

endothelial cells 174. 

LCn-3PUFA and Metabolic Disorders 

Despite strong and convincing evidence from pre-clinical and in-vitro studies that LCn-3 

PUFA have insulin-sensitising effects, evidence that LCn-3PUFA can prevent T2D 

development remains limited. Amongst countries with a higher prevalence of obesity, the 

countries with a higher intake of fish and seafood have a lower prevalence of T2D 175, and 

some longitudinal studies have found that a higher plasma or erythrocyte LCn-3PUFA levels 

are associated with a lower incidence of T2D over ~11 years follow-up 176, 177. However, no 

relationship was seen between either EPA, DHA or the O3I and incident T2D over 11 years 

follow up in 6379 post-menopausal women, with the exception of an inverse relationship noted 

between O3I and incident T2D in women under 70 years of age 178. Multiple systematic reviews 

have resulted in equivocal findings. There appears to be a geographical variation to the 

relationship between LCn-3PUFA intake and T2D, with an inverse association found in Asian 

and Australasian countries, no relationship found in European countries, and a direct 

relationship in studies out of America 179. Reasons for this variation are unknown, but may be 

due to differences in the consumption patterns or cooking methods used, or genetic variation 

or background diet. Randomized controlled trials have also failed to demonstrate a clear benefit 

of LCn-3PUFA on measures of IR and/or insulin sensitivity, either in those with 180 or without 
181 T2D, though the latter did note a significant improvement in HOMA-IR.  

It isn’t clear why the strong mechanistic and evidence gathered from rodent models has not 

translated well into clinical end-point studies. There are obvious differences between human 



and rodent metabolism, however ex vivo studies using human adipocytes and/or muscle 

biopsies also provide supporting evidence for beneficial effects in humans. Many of the animal 

studies find fish oil fed during development protects against high-fat diet induced metabolic 

dysfunction, whereas many of the human studies look to rescue established IR in adults. 

Furthermore, given that humans only turn over 10% of adipocytes each year, the capacity for 

incorporation of EPA and DHA into adult AT may be limited. However, supplementation 

studies have shown that EPA and DHA do become incorporated into adipocytes in a dose-

dependent manner and AT has a good correlation with medium-to-long term LCn-3PUFA 

intake 182 in adults, suggesting that there is a good level of conservation of LCn-3PUFA. There 

is some evidence, however, that the age of adipocytes could impact on results, as in vitro 

evidence has shown EPA and DHA to reduce inflammation and increase transcription in young 

T3T-L1 adipocytes to a significantly greater effect than in aged adipocytes 183. Taken together, 

these suggest that the greater potential for LCn-3PUFAs is in the prevention of AT 

inflammation, rather than the restoration of insulin sensitivity, particularly once IR and/or 

hyperglycaemia are present. 

Dose, duration, and mix of EPA vs DHA could also be a confounding factor affecting 

outcomes. Given that it takes around 4-6 weeks of supplementation before the levels begin to 

increase in AT 184, studies would need at least this duration in order to detect an effect. There 

also exists the possibility that EPA and DHA have differential effects on glucose metabolism, 

however most in vivo studies compare a combination of these two fatty acids, and few have 

done a direct comparison. Alliare et al 171 found that DHA increased adiponectin compared 

with EPA, however did not note any significant differences for CRP, IL-6 or TNF-α. Baseline 

inflammatory status could also potentially confound results. A RCT stratified participants by 

baseline inflammation status, and found that DHA reduced the area-under-the-curve for insulin, 

but only in the subgroup with the raised inflammation status at baseline 185. 

Our research group has recently reported a significant inverse association between O3I and 

T2D in overweight older females which was not apparent amongst overweight males 186, and 

hypothesised that there is a sex-dependent response to omega-3 fatty acids. An inverse 

relationship has also been noted in females between O3I and body weight 183, 187 and NAFLD 
83. There are also sex-dependent differences in response to LCn-3PUFA supplementation in 

terms of muscle response to exercise training 188 and platelet aggregation 189. Further to this, 

we conducted a systematic review and meta-analysis of RCTs which provided support for a 

sex-dependent effect, with studies longer that 8 weeks showing an improvement in IR in 



females 186, an effect which was not evident in males. Sex-dependent differences in LCn-

3PUFA metabolism are well known, with females displaying a higher metabolism from ALA 

to EPA and particularly DHA than age-matched males 190. In addition, premenopausal women 

are somewhat protected against development of IR and T2D compared with men of similar 

age. Whilst this has been largely attributed to the protection by oestrogens, the precise 

mechanism of how oestrogens protect from diabetes is largely unknown. Females have been 

shown to have an enhanced resolution of inflammation compared with males, mediated in 

particular by an increased level of D-series resolvins 191, which could explain the discrepancy 

between the sexes. Taken together, these findings suggest that the SPMs derived from DHA in 

AT may be a contributing factor to the protection that pre-menopausal women have from the 

development of IR. Furthermore, a sex-specific benefit of LCn-3PUFA on IR e in women 

might indicate a biological purpose relevant to pregnancy, a condition characterised by 

increased DHA requirements, AT growth and progressive IR. Indeed, pregnancies complicated 

by gestational diabetes show a decline in the DHA content of erythrocyte membranes 192 which 

can be ameliorated with DHA supplementation 193. More research is required in this area to 

determine whether a low level of DHA pre-pregnancy is associated with an increased risk of 

developing gestational diabetes.  

LCn-3PUFA and systemic inflammation 

Persistent inflammation in an uncontrolled manner for prolonged periods in tissue can cause 

excessive damage, that is often involved in the pathogenesis of chronic inflammatory diseases. 

Usually inflammation is confined to a tissue or local site, but depending on severity and 

magnitude of response in these uncontrolled conditions, it spreads to other tissues in the 

periphery. Low grade chronic inflammatory responses are  implicated in the pathobiology of 

diabetes mellitus, atherosclerosis, neurodegenerative diseases and tumor growth 194; whereas 

high grade chronic inflammatory responses involving hyper expression of pro-inflammatory 

cytokines is implicated in the development of autoimmune diseases, rheumatoid arthritis, 

sepsis, cancer 195. 

Eicosanoid production  

Prostaglandins (PGs), Thromboxane (TXs) and Leukotrienes (LTs) collectively termed as 

eicosanoids are one of the key regulators of inflammation, primarily involved in modulating 

intensity and duration of inflammation in tissues 196. These are produced from 20 carbon chain 

PUFAs, mainly ARA and EPA. Since the inflammatory cells predominantly contain higher 

proportions of ARA, it serves as a major substrate for eicosanoids 197. ARA is metabolised in 



the presence of COX to produce a series of PGs and TXs (2 series). The other metabolic 

pathway of ARA is catalysed by LOX pathway that gives rise to hydroxy, hydroperoxy 

derivatives and LTs (4 series) 196. Antagonising the metabolic pathways of ARA by LCn-

3PUFA is regarded as one of the primary anti-inflammatory mechanism 198. Increased intake 

of either EPA or DHA reduces the availability of ARA through competitive substrate binding 

in the phospholipids of cell membranes that are involved in the process of inflammation 199. 

This is substantiated from the animals fed diets rich in LCn-3PUFA that demonstrated the 

reduction in ARA derived PGE2, LTB4, and pro-inflammatory cytokines expression 199, 200; 

which is consistent with the results obtained from clinical trials with supplementation of LCn-

3PUFA. However, this physiological activity involving modulation of inflammation by LCn-

3PUFA is dose-dependent 201; suggesting a minimum dose of 1.3g of EPA per day 202. EPA 

can also act as substrate for COX and LOX enzymes, but the metabolites such as LTB5 and 

LTE5 are 10 to 100-fold less potent chemotactic agents, thus reducing the production of highly 

potential pro-inflammatory mediators of ARA 203.  

Resolution of inflammation – specialised pro-resolution lipid mediators (SPM) 

Although it is well known that inflammation is the primary defence mechanism for host tissue 

repair in response to injury or infection, several research reports reveal prolonged activation or 

failure in resolution as a central pathogenic component in several diseases 195. For several years, 

the treatment of chronic inflammation is aimed at reducing the pro-inflammatory cytokine 

expressions (infliximab, adalimumab), antagonising enzymes that are involved in the pro-

inflammatory process (nonsteroidal anti-inflammatory drugs that block COX enzymes), 

antihistamines to reduce the allergic inflammatory responses and glucocorticoids to supress the 

pro-inflammatory gene expression. These are effective in the short term, and are often used for 

long-term chronic inflammatory disease management 204, 205.  

In addition to the well-established anti-inflammatory effect of LCn-3PUFAs, unbiased 

lipidomic research on exudates of resolution of acute inflammation identified a set of LCn-

3PUFA derived SPMs 206. These are with distinct chemical structures, termed as resolvins from 

EPA (E-series) and DHA derived resolvins (D-series), protectins and maresins 206. The 

synthesis of these SPMs involves COX and LOX pathways, with different stereospecific 

epimers produced in cells with/without aspirin administration 207. E-series resolvins (E1 and 

E2) are produced in healthy individuals or in those supplementated with EPA. Oxygenation of 

EPA mediated by a cytochrome P450 pathway generates 18R-(hydroperoxy) eicosapentaenoic 

acid (18R-HpEPE) which is reduced via a peroxidase to unstable 18R-HEPE. A second 



lipoxygenation catalyzed by 5-LOX forms hydroperoxide, which is then transformed to 

epoxide that undergoes enzymatic hydrolysis to produce RvE1 and RvE2 208. RvE1 acts as a 

resolution agonist through blocking neutrophil transendothelial migration, thereby reducing the 

inflammation 209. RvE2 demonstrated potent anti-inflammatory effects by reducing the 

zymosan-induced neutrophil infiltration 210. Release of 5-LOX in leukocytes that are involved 

in inflammation is pivotal for these beneficial effects of resolvins. Two G-protein coupled 

receptors, Chem23 and leukotriene B4 receptor (BLT1) were identified on cell types that are 

involved in the anti-inflammatory and pro-resolution activities of these resolvins 211, 212. 

Binding of RvE1 to Chem23 on monocytes and dendritic cells leads to downregulation of TNF-

stimulated NF-κB activation, TNF being a  key regulator of acute inflammation 212. Activation 

of BLT1 on neutrophils leads to attenuation of pro-inflammatory signals that are linked with 

leukotriene-B4 211. Administration of RvE1 and RvE2 demonstrated equipotent pro-resolution 

effects such as reduction in neutrophil infiltration in murine models of acute inflammation at 

dose level of 100ng per mouse 210. This provides evidence at the molecular level for the effects 

of LCn-3PUFA on chemotaxis of human granulocytes, which is observed in several LCn-

3PUFA supplementation studies 213, 214. However, discrepancies exist between the study reports 

regarding the dose levels due to the differences between the EPA/DHA composition variance 

in different formulations.  

In addition to EPA, DHA can also serve as a substrate for two bio-active SPMs termed as 17S 

and 17R D-series resolvins 214. The anti-inflammatory activities of these resolvins are of 

particularly interest in tissues such as the brain, synapses and retina that are enriched with 

DHA. These compounds exhibited potent anti-inflammatory activity by limiting 

transendothelial migration of neutrophils 215. Additionally, macrophages incubated with RvD2 

showed enhanced phagocytosis of both apoptotic neutrophils and endocytosis 215. Overall, 

resolvins through inhibition of neutrophil infiltration, reduction in defesin (neutrophil secretion 

peptide) release, decrease adhesion receptor surface and by blocking neutrophil transepithelial 

migration displayed potent pro-resolution activity. DHA also produces another set of SPMs 

named protectins. These are distinctly different from the other set by having a conjugated triene 

double bond and biological activity. Protectin D1 (also termed as neuroprotection D1 

depending on biological origin) is produced by peripheral mononuclear cells in LOX dependent 

manner via 16(17)-epoxide intermediate 216. It exhibits potent anti-inflammatory activity 

through attenuation of NF-κB and COX-2 expression, reduction in T-cell migration, promotion 

of T-cell apoptosis, increase in expression of CCR5 and decreased toll like receptor mediated 

macrophage activation 217, 218. Given the fact that enrichment of tissues with EPA and DHA 



(through supplementation or diet) increase these resolvins concentration 219, these molecular 

effects substantiate evidence for beneficial effects of LCn-3PUFA.  

Transcription factors  

There are several transcription factors that are involved in the initiation and inhibition of 

inflammation. Among these factors NF-κB is a key transcription factors that induces the 

expression of several cytokines, enzymes (COX) and adhesion molecules that are implicated 

in the process of inflammation 220, 221. Endotoxins such as lipopolysaccharides or external 

inflammatory stimuli triggers the activation of this transcription factor through toll like receptor 

(TLR4) 221. LCn-3PUFA supplementation has been shown to decrease the activation of NF-κB 

in human monocytes by reducing IκB phosphorylation 222. In vitro cell culture studies reported 

reductions in the activation of this transcription factor on incubating macrophages, dendritic 

cells and monocytes with both EPA and DHA 223. Another possible mechanism for effects of 

LCn-3PUFA on NF-κB is PPAR mediated inhibition of NFκB DNA binding activity 224. LCn-

3PUFA has been shown to activate and increase the expression of PPARγ in the endotoxin 

stimulated dendritic cells which is closely associated with the reduction of NFκB and pro-

inflammatory cytokines, suggesting a potential anti-inflammatory mechanism of LCn-3PUFA 
225. Recent research on GPCRs provided another plausible explanation for LCn-3PUFA 

mediated modulation of NFκB. LCn-3PUFA, particularly DHA, has been recently identified 

as a GPR120 agonist that is involved in the anti-inflammatory signalling pathways. This 

provides deeper insights into cellular level receptor based pro-inflammatory inhibition effects 

of LCn-3PUFA 226.  

Cytokines  

Cytokines are small protein molecules that are released from cells such as monocytes, 

macrophages and adipocytes that are primarily involved in inflammation. These protein 

molecules such as TNF-α, IL-6 and IL-1β are involved in the pathogenesis of many 

inflammatory driven diseases 227. Although the key mechanism of LCn-3PUFA is replacement 

of AA through substrate competition, several cell culture studies and clinical studies reported 

beneficial effect of LCn-3PUFA supplementation on cytokine production 202. Animals fed with 

diets enriched with LCn-3PUFA demonstrated decreased production of pro-inflammatory 

cytokines from the macrophages as well as the circulation levels in endotoxin induced 

inflammation models 228. Incubation of human peripheral endothelial cells with either EPA or 

DHA in in-vitro studies have shown to inhibit the release of TNF-α and other pro-inflammatory 

interleukins 229, 230. Supplementation of LCn-3PUFA in the form of fish oil has shown to reduce 

the systemic circulation levels of pro-inflammatory cytokines such as TNF-α (20-35%↓) and 



IL-6 (35%↓) 230-233 in healthy as well patients with inflammatory and metabolic diseases 234. 

However, discrepancies exist regarding the effects of LCn-3PUFA on CRP, with few studies 

showing negative and few positive effects, that are summarised in previously published 

systematic reviews and meta-analyses 235-237. These discrepancies are attributed to the different 

dose levels, duration and variation in EPA/DHA ratio of fish oil formulations. Overall 

observations from the RCTs conclude that supplementation of LCn-3PUFA above 2g/day for 

more than 12 weeks in both patients and healthy people may be of clinical benefit on 

inflammatory outcomes.  

LCn-3PUFA, endothelial function and blood pressure: 

Endothelium is an important regulator of the vascular homeostasis, being not only a barrier but 

also a key signal transducer. It controls the vascular tone by releasing vasoactive molecules 

that trigger vasoconstriction and relaxation. Vessel relaxation is controlled via generation of 

nitric oxide (NO), which diffuses to the vascular smooth muscle cells signalling vasodilation. 

NO is produced from L-arginine by the action of endothelial nitric oxide synthase (eNOS), 

which is activated by shear stress or signalling molecules, such as adenosine, bradykinin, 

VEGF and serotonin 238. Vasodilation can also be triggered by endothelium derived 

hyperpolarising factors, which depolarise vascular smooth muscle cells by increasing 

potassium conductance 238, 239. Alternatively, vasoconstriction is regulated via the production 

of endothelin and vasoconstrictor prostanoids, and via the conversion of angiotensin I to 

angiotensin II. The motions of the vessels in turn regulate the supply of oxygen to the tissue, 

changes in vascular structure, metabolic demand and organ perfusion 238.  

Damage to the endothelial wall causes endothelial dysfunction, characterised by increased 

expression of inflammatory cytokines and adhesion molecules. E-selectin is the adhesion 

molecule most specific to endothelial dysfunction, being positively associated with 

atherosclerosis and CVD risk factors. However, vascular cell adhesion molecule 1 (VCAM-1), 

intercellular adhesion molecule 1 (ICAM-1) and P-selectin levels are also associated with 

endothelial dysfunction. Damage to the endothelial wall can also be determined by an increase 

in the circulating levels of asymmetric dimethylarginine, an inhibitor of eNOS, indicating a 

reduction in nitric oxide production, by a change in the balance between plasminogen activator 

and plasminogen activator inhibitor 1 or by the presence of mature endothelial cells and 

endothelial progenitor cells in the circulation 238. 

Dietary LCn-3PUFA incorporated into the phospholipids of the endothelial cell membrane, 

modulate cell membrane fluidity and composition. The endothelial cell membrane contains 



receptors and signalling molecules responsible for regulating important pathways in the cell's 

function 240, thus incorporation of LCn-3PUFA to the endothelial cell membrane can also affect 

the transcription of bioactive molecules and the functionality of membrane receptors.  

In vitro studies have assessed the effects of LCn-3PUFA on endothelial function and 

demonstrated that LCn-3PUFA stimulates NO production by inducing eNOS expression and 

activation, and by reducing the levels of asymmetric dimethylarginine, an inhibitor of eNOS 
240, 241. EPA has been shown to activate eNOS by inducing its dissociation from  caveolin, an 

eNOS activity regulator, and its translocation from the cell membrane to the cytosol 242. DHA 

has been shown to modulate membrane composition and to displace eNOS and caveolin-1 from 

the caveolae fraction, activating eNOS. Caveolae is a signalling microdomain in the cell 

membrane  243. 

Human studies using flow mediated dilatation (FMD), a direct measure of NO bioavailability, 

as end point have reported either no association of LCn-3PUFA intake with improvement in 

FMD or a small improvement 241, 244, 245. However, those studies vary in LCn-3PUFA dose 

(0.45 to 4.7g/day) and form (ALA, EPA, DHA or EPA and DHA combined), population 

studied (age, sex, health status, genetic background), sample size (18 to 310), study duration 

(2 to 52 weeks), occlusion position for FMD and study design. Furthermore, these studies do 

not consider the effect of the subject's background diet, as highlighted by Wang and colleagues 
244. According to Wang et al 244, LCn-3PUFA improves FMD in subjects with poor 

cardiovascular health, but not in healthy subjects. Indeed, a more recent study has demonstrated 

an improvement in FMD of subjects with metabolic syndrome after 2g LCn-3PUFA (46% 

EPA: 36% DHA) daily supplementation for 12 weeks 246.    

LCn-3PUFA supplementation has also been associated with an improvement in the circulating 

levels of adhesion molecules. A meta-analysis of RCTs has identified that LCn-3PUFA 

supplementation reduces soluble ICAM-1 (sICAM-1) in healthy subjects and in subjects with 

dyslipidaemia, despite no effect to soluble VCAM-1 (sVCAM-1), soluble P-selectin (sP-

selectin) and soluble E-selectin (sE-selectin) 247. Study assessing changes in dietary LCn-

3PUFA of hyperlipidaemic, hypertensive and diabetic patients demonstrated that an increase 

in LCn-3PUFA over a one year period decreased sICAM and sVCAM, and was associated with 

an improvement in peripheral small artery endothelial function 248. Another study demonstrated 

that the effect of LCn-3PUFA on adhesion molecules is dose and sex dependent. After 

consuming 6.6g of EPA+DHA for 12 weeks, heathy males and females had a decrease in sP-

selectin and only females had a decrease in sVCAM-1, while change in sICAM-1 was not 

significant 249. Differences in adhesion molecules’ outcomes may be due to the variability in 



study design and duration, population, dose and form of LCn-3PUFA consumed. Furthermore, 

Eschen et al 249 findings suggest that relatively high doses of LCn-3PUFA may be necessary to 

cause a decrease in sVCAM-1 and sP-selectin. It has also been suggested that LCn-3PUFA 

may reduce oxidative stress. Despite controversies on the pro-oxidative activity of LCn-

3PUFA, in vitro studies have demonstrated that LCn-3PUFA reduces the production of reactive 

oxygen species by modulating inducible nitric oxide synthase and NADPH oxidase 240. An 

animal study has demonstrated that diets enriched with linolenic acid resulted in lower 

oxidation of LDL and NADPH compared to diets richer in n-6PUFA 250. In another study LCn-

3PUFA supplementation mitigated oxidative stress in menopause induced animals by down-

regulating NADPH oxidase activity 251. 

The LCn-3PUFA effect on endothelial dysfunction seems to be dependent on LCn-3PUFA 

dose and form, intervention design and length, and population characteristics. Thus, different 

studies fail to agree on the effects LCn-3PUFA to endothelial dysfunction. However, evidence 

suggests that LCn-3PUFA can improve endothelial function via modulating endothelial cell 

fluidity and composition, improving relaxation and constriction of the vessels and inhibiting 

the secretion of adhesion molecules and inflammatory cytokines by the endothelial tissue. 

The beneficial effects of LCn-3PUFA on endothelial function and inflammation provides the 

primary basis for these studies to evaluate its effects on blood pressure (BP). The effects of 

LCn-3PUFA on blood pressure (BP) were extensively evaluated in both observational and 

interventional studies 252. Observational studies have shown an inverse correlation between 

erythrocyte membrane content of LCn-3PUFA and 24 h, day and night time BP 253. Regression 

analysis indicated a decrease in 4.4 mm Hg of mean arterial pressure with an increase in plasma 

EPA by 69.6 mg per litre 252. LCn-3PUFA supplemented in form of fish oils have shown to 

lower the BP in normotensive 254 and hypertensive subjects 255, but not in all the intervention 

trials 256. Meta-analyses indicated LCn-3PUFA supplementation resulted in small but 

significant (2.1-5.5 mm Hg for systolic BP, and 1.5-3.5 mm Hg for diastolic BP) decrease in 

blood pressure only in hypertensive subjects 257 258. This blood pressure effect of LCn-3PUFA 

was not observed in the normotensive subjects 259. Recently published meta-analyses 

considering both dietary sources and supplements has shown a significant decrease in both 

hypertensive and normotensive subjects 260. The beneficial effects of LCn-3PUFA on blood 

pressure were observed at an average dose, 3.8g/day with average supplementation duration of 

3 months 260. However, these meta-analyses concluded the effects of LCn-3PUFA on BP were 

not dose dependent. Though there is an ambiguity in these dose dependent blood pressure 



lowering effects of LCn-3PUFA, available evidence strongly suggest that increase in plasma 

and erythrocyte content of LCn-3PUFA could lower the BP to a clinically significant extent.  

 

LCn-3PUFA and Platelet Aggregation 

Increased platelet activity has been shown to predict a prothrombotic state and is a major risk 

factor for the development of heart attacks, strokes, and venous thromboembolism 261. Platelet 

activation and aggregation play an important role in determining a prothrombotic state. 

Although pharmaceutical agents such as aspirin, heparin, and warfarin can reduce 

prothrombotic tendency, long-term drug treatment may produce a variety of serious side 

effects, including bleeding. Diet is generally recognized to be significantly involved in 

modifying the individual risk for the development of thrombotic diseases, although its 

influence during the treatment of these disorders is probably less important. The most common 

method of measuring platelet aggregation involves in vitro tests of blood (platelet rich plasma 

fraction or whole blood) samples. Aggregating agents such as ARA, adenosine diphosphate 

(ADP) and collagen are added to the blood samples, or spontaneously occurring aggregation is 

measured. The resulting platelet aggregation is used as a measurement of the potential for 

platelets to aggregate in the human body 262. 

Dietary supplementation with LCn-3PUFAs, EPA and DHA has been shown to inhibit platelet 

aggregation, however, the published literature has yielded equivocal results. A recent meta-

analysis demonstrated that LCn-3PUFA supplementation is associated with a significant 

reduction in platelet aggregation in response to various agonists when the participants were at 

poor health status, but not in healthy individuals 263. High-risk patients with CVD and even 

diabetics may potentially benefit from LCn-3PUFA therapy but it may not be effective in 

primary prevention 263. Agren et al. compared 3 sources of EPA and/or DHA 264. Collagen 

aggregation was reduced in subjects on both fish oil supplementation and fish diet, but not in 

those consuming pure DHA oil 264. From this, they concluded that while LCn-3PUFA impair 

platelet aggregation, DHA is less potent than fish oil or dietary fish at moderate doses 264. The 

GISSI prevention study provides compelling evidence that cardioprotective effects of LCn-

3PUFA are independent of the standard cardiovascular pharmacotherapy, including statins and 

aspirin 265. The data from randomized placebo controlled studies suggested that the addition of 

1-2 g of prescription LCn-3PUFAs to conventional statins and aspirin in patients with 



documented coronary artery disease and high TG significantly reduced ADP-induced 

aggregation 266.  

The mechanism by which supplementation with LCn-3PUFA decreases platelet aggregation 

remains unknown. Previous studies have suggested that LCn-3PUFA incorporate into platelet 

membrane phospholipids, leading to a concomitant reduction of n-6PUFA (including ARA), 

along with an increase in EPA. EPA can compete with ARA and inhibit the COX-1 pathway. 

The mechanism by which supplementation with LCn-3PUFA decreases platelet aggregation, 

has also been attributed to a decrease in thromboxane A2 (a potent pro-aggregatory eicosanoid) 

with a concomitant increase in prostaglandins and thromboxane of 3-series 267. It has also been 

suggested that LCn-3PUFA could reduce the aggregation of platelets by increasing the 

synthesis of nitric oxide in endothelial cells 268. 

The effects of fish oil on ex vivo platelet aggregation have been inconsistent and remains 

controversial, confounded by differences in the proportion of the various LCn-3PUFA (EPA 

versus DPA or DHA) in the supplements, dose, and duration of intervention, selection criteria 

for participants (healthy, non-obese/obese individuals and younger/elderly individuals, 

hypercholesterolemic subjects, diabetic or CVD patients, smoking status and alcohol 

consumption), methodology (platelet rich plasma or whole blood) and agonists used to assess 

platelet aggregation. Recognizing that male and female sex hormones have different effects on 

platelet function, sex differences in response to LCn-3PUFA supplementation have also been 

reported. Carefully planned RCTs involving LCn-3PUFA supplementation keeping all 

covariates in consideration are warranted to delineate the exact role of LCn-3PUFA in 

prevention of heart attacks, stroke and deep vein thrombosis. 

LCn-3PUFA and Cardiac Arrhythmias: 

Despite a fall in mortality from coronary heart disease, sudden cardiac deaths associated with 

fatal arrhythmia remains the cause of most deaths. Mortality statistics from several countries 

indicate that up to 80% of sudden deaths are due to ventricular fibrillation. Cardiac arrhythmia 

suppression trial failed to show any significant decrease in mortality due to coronary artery 

disease when antiarrhythmic drugs were administered. As a result of ischemia, the electrical 

properties of the myocytes change, leading to arrhythmias. Ventricular fibrillation, the most 

common fatal arrhythmia occurs when electrical impulses from damaged cardiac muscle results 

in breakdown of the normal synchronicity of heart contractions. Cardiac arrhythmia occurs 

during the early and potentially reversible phase of ischemia and after reperfusion 269.  



In the Diet and Reinfarction Trial, consumption of about 300g fatty fish per week 

(corresponding to 2.5g of EPA) was found to be successful in reducing mortality by 29% in 

men during the first two years following myocardial infarct 270. Another study found that 

compared to no intake, dietary EPA and DHA (equivalent to one fatty fish meal per week) was 

associated with a 50% reduction in the risk of primary cardiac arrest 271. The Lyon Diet Heart 

Study reported that patients assigned to the Mediterranean diet rich in ALA had a reduced rate 

of recurrence of cardiac events 272. The antiarrhythmic effect of LCn-3PUFA in humans has 

been confirmed by another recent study 273. Another placebo-controlled, double blind study 

showed that ventricular premature complexes decreased by 48% in the fish oil group and by 

25% in the placebo group. The antiarrhythmic properties of LCn-3PUFA have been studied in 

vivo by measuring the ventricular fibrillation threshold (VFT) of animals whose diets were 

supplemented with fish oils. VFT is the amount of current required to induce VF during 

myocardial ischemia. The antiarrhythmic actions of LCn-3PUFA have also been studied in 

vitro using cultured neonatal cardiac myocytes. Modification of the fatty acid composition of 

membrane phospholipids and formation of eicosanoids by dietary LCn-3PUFA, direct effect 

of NEFAs on the myocardium, effects of LCn-3PUFA on the inositol lipid cycle and cell 

signalling and on Ca2+ channels are some of the suggested mechanisms for antiarrhythmic 

potential of LCn-3PUFA 274. 

The GISSI Prevenzione trial involving 11,324 patients showed that LCn-3PUFA 

supplementation resulted in a significant reduction in deaths from cardiovascular causes over 

3.5 years of follow-up driven by a reduction in sudden cardiac death 275. However, three 

randomised controlled trials involving patients with implantable cardiac defibrillators failed to 

confirm effects of fish oil in the prevention of sudden cardiac death 276,277, 278. In a systematic 

review and meta-analysis including more than 30,000 patients, LCn-3PUFA supplementation 

was associated with a significant reduction in cardiac deaths but showed no effect on 

arrhythmias 279. Ongoing trials and future studies with LCn-3PUFA might help to clarify 

whether the reduction in deaths from cardiac causes results from a reduction of arrhythmias or 

from a delay in the progression of coronary artery disease. 

Conclusion  

Scientific studies published in the last 4 decades have established that LCn-3PUFA favourably 

modulate risk factors for chronic diseases.  LCn-3PUFA reduce blood lipid levels, promote 

anti-atherogenic lipoprotein profile, reduce inflammation, lower BP, promote resolution of 



inflammation, improve endothelial function, reduce platelet aggregation and reduce the risk of 

fatal arrhythmias (Figure 2). LCn-3PUFA also improve AT function by promoting 

angiogenesis and enhancing secretion of healthy peptides (cytokines, hormones and adipokines 

etc). Epidemiological studies examining the relationship between LCn-3PUFA intake and/or 

blood levels of LCn-3PUFA also support their role in promoting health benefits. However, 

randomised controlled trials and systematic reviews have failed to provide unequivocal 

evidence for the role of LCn-3PUFA in prevention of cardio-metabolic diseases. It is clearly 

evident from this review that dose, duration, and background diet composition may play an 

important role in determination of the health benefits of LCn-3PUFA. Fish oils are not just fish 

oils and EPA/DHA ratio of the supplement is an important determinant of the health benefits 

of LCn-3PUFA. LCn-3PUFA appears to affect the risk factors differentially in men and 

women. Additionally, there is evidence of gene polymorphism in determination of the health 

benefits of LCn-3PUFA. Long-term, dose dependent, randomised clinical trials stratified by 

sex, using defined EPA/DHA ratio and considering gene polymorphism as a confounding 

factor are warranted to resolve the existing controversies. Practicality of such trials involving 

large number of participants and therefore requiring access to sizeable funding commitments, 

although not out of question, may not be within easy reach. 
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Figure 1. Anti-inflammatory effects of long-chain omega-3 polyunsaturated fatty acids in adipose 

tissue functioning.    :Anti-inflammatory M2 macrophages.  :Pro-inflammatory M1 macrophages.                          

:  Crown-like structures. EPA: Eicosapentaenoic Acid. DHA: Docosahexaenoic Acid. AT: Adipose 

tissue. NFκB: Nuclear Factor Kappa B. NLRP3: NLRP3 inflammasome. TNF-α: Tumour Necrosis Factor-

Alpha. CRP: c-reactive protein. IL: Interleukin. CLS: Crown-like structures. VEGF: Vascular endothelial 

growth factor.  

 

 

 

 

 



 

Figure 2. Overview of the localised and systemic effects of long-chain omega-3 polyunsaturated fatty 

acids for the prevention of cardio-metabolic disease. LCn-3PUFA: Long-chain omega-3 

polyunsaturated fatty acids. CRP: c-reactive protein. HDL: High density lipoprotein. LDL: Low density 

lipoprotein. ICAM: Intracellular adhesion molecule. VCAM: Vascular cell adhesion molecule. PG: 

Prostaglandin. TX: Thromboxane. LT: Leukotriene.  SPM: Specialised pro-resolving mediators. PPAR-

γ: Peroxisome proliferator-activated receptor-gamma. TNF-α: Tumour Necrosis Factor-Alpha. IL-6: 

Interleukin-6. NFκB: Nuclear Factor Kappa B. COX: Cyclooxygenase.  

 


